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© Semiconductor device and method of manufacturing the same. 



© According to this invention, there is provided to 
a semiconductor device comprising a semiconductor 
substrate (1) on which an element is formed, an 
insulating interlayer (9, 10) formed on the semicon- 
ductor substrate (11). and a wiring layer (18) having 
a structure in which a surface of a copper layer (14) 



in a crystal state is covered with a nitride of a metal 
not forming an intermetallic compound with copper 
and the metal and/or the metal nitride is present at 
grain boundaries of the copper layer (14). 



U) 
CO 

J*. 

5 



a. 

LU 




FIG. 2G 



Xerox Copy Centre ( 



BNSOOCID: <EP 0421735A2_L> 



EP 0 421 735 A2 



SEMICONDUCTOR DEVICE AND METHOD OF MANUFACTURING THE SAME 



The present invention relates to a semiconduc- 
tor device and a method of manufacturing the 
same and, more particularly, to a semiconductor 
device having an improved wiring layer mainly 
made of copper and a method of manufacturing the 
same. 

In recent years, as a semiconductor device is 
highly integrated, the and thickness of a wiring 
layer are decreased, and a multi-layered structure 
has been developed. As a wiring material, an alu- 
minum alloy having a low specific resistance of 
2.75 uncm and mainly made of corrosion-resistant 
aluminum protected form corrosion by a passiva- 
tion film. However, in the wiring layer made of an 
aluminum alloy, since a current density is in- 
creased in accordance with a decrease in sectional 
area of the wiring, the wiring layer may be discon- 
nected due to electromigration. In addition, in ac- 
cordance with an increase the number of wiring 
layers, complicated thermal hysteresis is applied to 
the wiring layers, and the wiring layers are discon- 
nected by stress migration due to thermal stress 
acting on the wiring layers. The above problems 
are caused by the following reason. Since the 
melting point of aluminum is low, i.e., a tempera- 
ture of 660* C, the diffusion of aluminum atoms, 
especially, atomic diffusion using a grain boundary 
as a path is accelerated even at a relatively low 
temperature. 

According to the above description, a wiring 
layer made of copper having a melting point higher 
than that of aluminum by 400* C or more has been 
studied. Using the wiring layer made of copper 
(pure copper), electromigration disconnection can 
be suppressed compared with an aluminum-silicon- 
copper (Al-Si-Cu) alloy. However, it is reported 
that the service life of the copper wiring layer is 
improved by only several times or several tens of 
times compared with the aluminum alloy wiring 
layer. This service life almost corresponds to a 
service life estimated by activation energy of grain 
boundaries diffusion of copper atoms. 

Generation of electromigration generally de- 
pends on the average crystal grain size and the 
width of a wiring layer, and the copper wiring layer 
is not an exception. For example, a copper film 
having a thickness of about 1 urn formed by a 
conventional sputter film forming method has an 
average crystal grain size of about 1 urn. In order 
to form a copper wiring layer having a so-called 
bamboo structure which has an lectromigration 
resistance, the width of the wiring layer must be 
0.5 urn or less. When the width of the wiring layer 
is 0.5 um or less to improve th electromigration 
resistance, a practical sectional area of the wiring 



layer is decreased to increase its resistance. 
Therefore, signal transmission is delayed, and a 
high-speed operation is obstructed .; in order to in- 
crease the sectional area of the wiring layer while 
5 keeping the width of the wiring layer to be narrow, 
the thickness of the wiring layer is increased. How- 
ever, when the thick wiring layer is formed and 
covered with an insulating film, a capacitance be- 
tween the adjacent wiring layers is increased to 
to easily cause crosstalk, thereby obstructing a high- 
speed operation. 

In addition, although an oxide production free 
energy of copper is slightly decreased, not only the 
copper is easily oxidized, but a copper oxide film 
j 5 formed on the copper has a low density. For this 
reason, when the copper wiring layer is exposed in 
an oxygen atmosphere, even an inner portion of 
the copper wiring layer is oxidized. For example, in 
an ashing step of removing a resist film, needle-like 
20 copper oxide is produced from the surface of the 
copper wiring layer, the shape of the wiring layer is 
degraded, and the resistance thereof is increased. 
. In addition, in steps of depositing a passivation film 
and an insulating interlayer on the copper wiring 
25 layer, an adhesion strength between the wiring 
layer and the insulating interlayer or a passivation 
film is degraded due to the presence of the needle- 
like copper oxide to remove the films. 

K. Hoshino et al. read a method of forming an 
30 improved copper wiring layer in the VMIC Con- 
ference, p226 to p232, June 12-3 1989. According 
- to this method, an oxide film having a thickness of 
about 0.4 um is formed on the surface of a silicon 
substrate, and a tungsten layer serving as an adhe- 
35 sion layer and a TiN layer serving as a barrier layer 
are sequentially deposited on the oxide film. A Cu- 
Ti alloy thin film is deposited on the TiN layer by 
sputter evapolation using a target made of copper 
and titanium. After the thin film is patterned, the 
40 thin film is heat-treated in a nitrogen atmosphere. 
In this heat treatment (nitriding) step, Ti contained 
in the Cu-Ti alloy thin film pattern is diffused in the 
surface thereof, and the diffused Ti is nitrid d to 
form a titanium nitride layer. As a result, the wiring 
45 layer, the peripheral surface of which is covered 
with the titanium nitride layer having good oxid 
resistance and whjch is made of copper including 
almost no Ti, is formed. 

However, in the above method, as is apparent 
so from Fig. 1 showing a relationship between a tem- 
perature of nitriding the Cu-Tl alloy thin film pattern 
and a specific resistance of the wiring layer, in 
order to obtain a wiring layer having a specific 
resistance of 2.5 uQcm less than the specific resis- 
tance (3 uncm) of the Al-Si-Cu alloy, h at treat- 



BNSOCCID: <EP 0421735A2_I_> 



3 



EP 0 421 735 A2 



4 



ment must be performed at a temperature of 
800 # C. As is described in the above literature, 
when nitriding is performed at a temperature of 
less than 800 'C, Ti is not diffused from the Cu-Ti 
alloy thin fiim, and not only a titanium nitrid layer is 
not formed on the surface of the wiring layer but a 
wiring layer having a low specific resistance almost 
equal to the specific resistance of copper and 
containing almost no Tl cannot be formed. Since 
the above nitriding must be performed at a rela- 
tively high temperature, an impurity diffusion layer 
formed on the silicon substrate in advance is sub- 
jected to diffusion again. Therefore, shallowing of 
diffusion layer is obstructed, and the number of 
electrically activated carrier is decreased. 

It is an object of the present invention to pro- 
vide a semiconductor device including a wiring 
layer having a specific resistance lower than the 
specific resistance (3 uQcm) of an Al-Si-Cu alloy. 

It is another object of the present invention to 
provide a high-speed semiconductor device includ- 
ing a wiring layer having an excellent electromig- 
ration resistance even when the wiring layer is wide 
and has no bamboo structure in relation to an 
average grain size. 

It is still another object of the present invention 
to provide a semiconductor device including a wir- 
ing layer which is excellent in oxidation resistance 
and adhesion and which can be prevented from 
peeling from a passivation film or an insulating 
interlayer upon formation of the passivation film or 
the insulating interlayer. 

It is still another object of the present invention 
to provide a method of manufacturing a semicon- 
ductor device wherein the wiring layer can be 
formed at a low temperature, e.g.. 800* C or less. 

According to the present invention, there is 
provided to a semiconductor device comprising: 
a semiconductor substrate on which an element is 
formed: 

an insulating interlayer formed on the semiconduc- 
tor substrate; and 

a wiring layer formed on the insulating interlayer 
and having a structure in which a surface of a 
copper layer in a crystal state is covered with a 
nitride of a metal not forming an intermetallic com- 
pound with copper, and the metal and/or the metal 
nitride is present at grain boundaries of the copper 
layer. 

According to the present invention, there is 
provided to a method of manufacturing a semicon- 
ductor device, comprising the steps of: 
forming an element on a semiconductor substrate: 
depositing an insulating interlayer on the semicon- 
ductor substrate; 

sequentially depositing a thin layer made of a met- 
al not forming an intermetallic compound with cop- 
per and a copper layer on the insulating interlayer 



to form a stacked layer; 

patterning the stacked layer; 

forming a wiring layer having a structure in which 

the patterned stacked layer is heat-treated in a 

s nitrogen atmosphere to diffuse a metal of the metal 
thin layer to a peripheral surface of a copper layer 
through the copper layer, the diffused metal is 
nitrided to cover a surface of the copper layer in a 
crystal state with a nitride of a metal not forming an 

jo intermetallic compound with copper, and the metal 
and/or the metal nitride is present at grain bound- 
aries of the copper layer. 

This invention can be more fully understood 
from the following detailed description when taken 

7s in conjunction with the accompanying drawings, in 
which: 

Fig. 1 is a graph showing the relationship be- 
tween an annealing temperature of a Cu-Ti alloy 
thin layer pattern in a nitrogen atmosphere and 

20 the specific resistance of the conventional wiring 
layer formed by thin nitriding; 
Figs. 2A to 2G are sectional views showing 
steps in manufacturing a semiconductor device 
according to Example 1 ; 

25 Fig. 3 is a sectional view showing the semicon- 
ductor device taken along a line III - HI in Rg. 
2F; and 

Fig. 4 is a graph showing a relationship between 
an annealing temperature in a nitrogen atmo- 
30 sphere and a specific resistance of a wiring 
layer according to Example 2. 
According to the present invention, there is 
provided to a semiconductor device comprising a 
semiconductor substrate on which an element is 
35 formed, an insulating interlayer formed on the 
semiconductor substrate, a wiring layer formed on 
the insulating interlayer and having a structure in 
which a copper layer surface in a crystal state is 
covered with a nitride of a metal not forming an 
40 intermetallic compound with copper and the metal 
and/or the metal nitride is present at grain bound- 
aries of the copper layer. 

As the semiconductor substrate, for exampl . a 
p-type silicon substrate, an n-type silicon substrate. 
45 and a silicon substrate of one conductivity type 
(e.g., p-type) on which n-type and p-type regions 
are two-dimensionally formed are used. As the 
semiconductor substrate, another semiconductor 
such as Ge, GaAs. InP. an SOS wafer obtained by 
so forming a semiconductor layer on an insulating 
substrate, or an SOI wafer obtained by sequentially 
forming an insulating layer and semiconductor lay- 
er on a silicon substrate may be used. 

As the insulating interlayer. e.g.. a CVD-Si02 
55 single layer, or a two-layered film obtain d by 
stacking glass film such as a phosphosilicate glass 
(PSG) film, a borosilicate glass (BSG), or a 
borophosphosilicate glass (BPSG) film on the CVD- 
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SiQz film can be used. Using the two-layered film 
as the insulating interlay er, the BPSG film or the 
like on the upper surface is reflowed to prevent 
transfer of the step difference on the surface of the 
insulating interlayer to form an insulating interlayer 
having a flat surface. 

As a metal not forming an intermetallic com- 
pound with copper, at least any one metal is se- 
lected from the group consisting of vanadium, 
niobium, tantalum, chromium, molybdenum, and 
tungsten. 

The thickness of the wiring layer is preferably 
0.1 to 0.9 um because of the following reason. As 
a grain size of copper layer constituting the wiring 
layer becomes large, electromigration resistance is 
improved. Therefore, when the thickness of the 
wiring layer is less than 0.1 um, the grain size is 
limited by the thickness, and the electromigration 
resistance may not be improved. Contrast to this, 
when the thickness of the wiring layer exceeds 0.9 
um, a capacitance between adjacent wiring layers 
is increased to cause a signal transmission delay 
due to crosstalk. As a wiring layer for an LSI. 
reliability is degraded. 

A thin layer made of a metal not forming an 
intermetallic compound with the copper can be 
formed between the insulating interlayer and the 
wiring layer. The metal thin layer effectively contri- 
butes to improvement of adhesion strength of the 
wiring layer on the insulating interlayer. The metal 
thin layer is preferably 30% or less of the thickness 
of the wiring layer, because of the following reason. 
Since the metal thin layer serves as a part of the 
wiring layer and as a resistance component, when 
the thickness exceeds 30% of the thickness of the 
wiring layer, a total resistance including that of the 
wiring layer and a metal thin layer may be in- 
creased. 

In addition, a method of manufacturing a semi- 
conductor device according to the present inven- 
tion comprises the steps of forming an element on 
a semiconductor substrate, depositing an insulating 
interlayer on the semiconductor substrate, sequen- 
tially depositing a thin layer made of a metal not 
forming intermetallic compound with copper and a 
copper layer on the insulating interlayer to form a 
stacked layer, patterning the stacked layer, forming 
a wiring layer having a structure in which the 
patterned stacked layer is heat-treated in a nitrogen 
atmosphere to diffuse a metal of the metal thin 
layer to a peripheral surface of a copper layer 
through the copper layer, the diffused metal is 
nitrided to cover a copper surface in a crystal state 
with a nitride of a metal not forming an intermetallic 
compound with copper, and the metal and/or the 
metal nitride is present at grain boundaries of the 
copper layer. 

The average grain size of the copper layer is 



desired to have a thickness of 0.3 um or more. The 
thickness of the copper layer is desired to fall 
within a range of 0.1 to 0.8 um such that a final 
wiring layer has the above thickness. 

5 The thickness of the metal thin layer is desired 

to fall within a range of a thickness which can form 
a monlayer of the copper atom to 30% of the 
thickness of the copper layer. The metal thin layer 
may be entirely diffused through the copper layer 

w in the above heat treatment in the nitrogen at- 
mosphere, or the metal thin layer may be partially 
diffused to leave part of the metal thin layer. 

As the nitrogen atmosphere, a gas containing 
at least nitrogen gas may be used. Especially, a 

rs gas containing only nitrogen gas, a gas mixture of 
nitrogen and hydrogen gases, or a gas mixture of 
nitrogen and inert gases is desirably used. 

As the heat treatment in the nitrogen atmo- 
sphere, for example, a heat treatment in a furnace 

20 filled with nitrogen gas or plasma nitriding can be 
used. 

According to the heat treatment in the nitrogen 
atmosphere, a metal of the metal thin layer must 
be diffused on a peripheral surface of the copper 

25 layer through the copper layer, and the metal dif- 
fused in the surface must be set at a nitriding 
temperature. In practice, when a niobium thin layer 
is used, a heat treatment is desired to be per- 
formed at a temperature falling within a rang of 

30 600 to 800 "C; a chromium thin layer, a tempera- 
ture of 600 to 800* C; a vanadium thin layer, a 
temperature of 500 to 800* C; a tantalum thin layer, 
a temperature of 550 to 800* C; a molybdenum thin 
layer, a temperature of 700 to 800* C; and tungsten 

35 thin layer, a temperature of 700 to 800* C. Note 
that when plasma nitriding is employed as a heat 
treatment in the nitrogen atmosphere, the heat 
treatment can be performed at a temperature low r 
than the above temperatures. 

40 According to the heat treatment in the nitrog n 
atmosphere, the grain size of the copper layer can 
be controlled. For example, when a heating rate is 
increased, the grain size of the copper layer is 
increased compared with not only a grain size 

4S during deposition but also the grain size in the heat 
treatment at a lower rate of elevating temperature. 
As a means for controlling the grain size of the 
copper layer, a heat treatment is performed in an 
inert atmosphere prior to the heat treatment in the 

so nitrogen atmosphere. As a gas containing an in rt 
gas, a gas containing only an inert gas such as 
argon or helium gas or a gas mixture of the in rt 
gases and hydrogen gas . is used. As the heat 
treatment, for example, rapid annealing using h at 

55 from an infrared lamp can be employed. Espe- 
cially, when the rapid annealing is employed, the 
grain size of the copper layer can be further in- 
creased compared with the method of controlling a 
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rate of an increase in temperature. 

According to the present invention described 
above, since a wiring layer has a structure in which 
an insulating interlayer of a semiconductor sub- 
strate is covered with a nitride of a metal not 
forming an intermetallic compound with copper on 
a copper layer surface in a crystal state and the 
metal and/or the metal nitride is present at the 
grain boundaries of the copper layer, oxidation of 
the wiring layer is prevented by the metal nitride 
covering the wiring layer to obtain an original low 
specific resistance of copper, and a high adhesion 
strength between the wiring layer and the insulating 
interlayer or passivation film deposited on the wir- 
ing layer. In addition, even when the wiring layer is 
wide not to have a bamboo structure in relation to 
an average crystal grain size, eiectromigration re- 
sistance can be improved by the nitride which is 
present at the grain boundaries of copper layer. 
For this reason, the wiring layer can be formed to 
be wide, and a signal propagation speed can be 
increased by the reduction in the above specific 
resistance. In addition, when a metal thin layer 
made of a metal not forming intermetallic com- 
pound with copper is formed between the insulat- 
ing interlayer and the wiring layer, the adhesion 
strength of the wiring layer on the insulating inter- 
layer can be improved. 

Therefore, a highly reliable high-speed semi- 
conductor device having a wiring layer in which 
disconnection is suppressed and which has a high 
adhesion strength with an insulating interlayer or a 
passivation film and an extremely low specific re- 
sistance can be obtained. 

According to the method of the present inven- 
tion, a thin layer made of a metal not forming an 
intermetallic compound with copper and a copper 
layer are sequentially deposited on an insulating 
interlayer of a semiconductor substrate, and the 
stacked layer is patterned and then heat-treated in 
a nitrogen atmosphere. In the heat treatment, a 
metal is diffused on a peripheral surface of the 
copper layer from the metal thin film through the 
copper layer thereabove, and the diffused metal is 
nitrided to cover the copper layer. This nitride is 
also formed at grain boundaries of the copper 
layer. As a result, a wiring layer having a structure 
in which the copper layer surface in a crystal state 
is covered with a nitride of a metal not forming an 
intermetallic compound with copper and the metal 
and/or the metal nitride is present at the gram 
boundaries of the copper layer can be formed on 
the insulating interlayer. Since the heat treatment 
can be performed at a temperature within a range 
sufficiently lower than 800* C (e.g.. 450 to 600 C). 
the above eiectromigration can be suppressed 
such that an impurity diffusion layer formed on the 
semiconductor substrate in advance is not diffused 



deeper again. Therefore, a highly reliable high- 
speed semiconductor device having a low specific 
resistance wiring layer and suitable for shallowing 
diffusion layer can be easily manufactured. 

s Upon a heat treatment in a nitrogen atmo- 
sphere, a heating rate is increased, or a heat 
treatment is performed in an inert atmosphere prior 
to the above heat treatment to increase the grain 
size of the copper film. Tnerefore, a wiring layer 

10 having further lower resistivity and further improved 
eiectromigration resistance can be formed on the 
insulating interlayer. 

The present invention will be described below 
by way of its examples with reference to the ac- 

7s companying drawings. 



Example 1 

20 As shown in Fig. 2A, a p-type silicon substrate 

1 was selectively oxidized to form a field oxide film 

2 having a thickness of, e.g.. 0.5 urn. Thermal 
oxidation was performed to form a thermal oxide 
film on the surface of the island-like silicon sub- 

25 strate 1 isolated by the field oxide film 2. After an 
arsenic-doped polysilicon film having a thickness of 
0.2 urn was deposited, the silicon film and thermal 
oxide film were patterned to form a gate oxide film 

3 and a gate electrode 4 on the surface of the 
30 substrate 1. After an Si0 2 film having a thickness 

of about 0.25 urn was deposited on the entire 
surface of the substrate by a CVD method, reactive 
ion etching was performed to leave an Si0 2 film 5 
on the peripheral side surface of the gate oxide 
35 film 3 and the gate electrode 4 in a side-wall-like 
shape. Thereafter, an n-type impurity (e.g.. arsenic) 
was ion-implanted in the silicon substrate using the 

field oxide film 2. the gate electrode 4, and the 

Si0 2 film 5 as masks, and activation was per- 
40 formed to form n*-type source and drain regions 6 

and 7 each having a junction depth of. e.g., 0.15 

urn. 

After a titanium thin layer having a thickness of 
0.08 urn was deposited on the entire surface of the 
45 substrate by sputtering, as shown in Fig. 2B. a 
titanium thin layer contacting the source region 6. a 
drain region 7. and the gate electrode 4 of the 
silicon substrate was exposed by performing a heat 
treatment at a temperature of 750 'C for 30 min- 
so utes, in a nitrogen atomosphere was silicidiz d to 
form a titanium silicide layer 8 as a buffer layer, 
and the titanium thin layers on the field oxide film 2 
and the Si0 2 film 5 were removed. Thereafter, 
annealing was performed in a nitrogen atmosphere 
55 at a temperature of 900 *C for 20 minutes. Note 
that a nickel thin layer may be deposited in place 
of the titanium thin layer, and a nickel silicide layer 
may be formed on th surfaces of th source 
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region 6, the drain region 7, and the gate electrode 
4 exposed by applying the same heat treatment as 
described above. 

As shown in Fig. 2C, after an SiCh film 9 
having a thickness of 0.3 urn and a BPSG film 10 
having a thickness of 0.7 urn serving as insulating 
interlayers were sequentially deposited on the en- 
tire surface of the substrate by a CVD method, a 
heat treatment was performed to reflow the BPSG 
film 10, thereby flattening the surface of the film 
10. The Si0 2 film 9 and the BPSG film 10 respec- 
tively corresponding to a part of the source region 
6 and a part of the drain region 7 were selectively 
removed by etching to form square contact holes 
11 each having a side of 0.5 urn, and then tung- 
sten was selectively deposited in the contact holes 
11 to bury tungsten plugs 12 in the contact holes 
11. 

The silicon substrate was set in a chamber of a 
magnetron sputtering apparatus, and after the 
chamber was evacuated to have a pressure of 2.0 
x 10" 5 Pa or less, an argon gas was supplied to 
the chamber at a flow rate of 40 cmVmin. At this 
time, the pressure in the chamber was kept to be 
3.7 x 10~ 1 Pa. While the silicon substrate was 
rotating, a chromium (Cr) target was sputtered by 
an argon plasma to deposit a chromium thin layer 
13 having a thickness of 0.05 urn on the BPSG film 
10, as shown in Fig. 2D. In an argon plasma 
atmosphere generated with an applied voltage of 
600 V and a target current of 5A, while the silicon 
substrate was rotated, copper (Cu) target was sput- 
tered to deposit a copper layer 14 having a thick- 
ness of 0.4 um on the chromium thin layer 1 3. The 
deposited copper layer 1 4 consisted of grains hav- 
ing an average grain size of 0.2 um. The sheet 
resistance of the stacked layer constituted by the 
chromium thin layer 13 and the copper layer 14 
was 55 mQ/a Thereafter, the stacked layer was 
patterned using a reactive ion etching method to 
form a chromium-copper stacked layer pattern 15 
on the BPSG film 10 including the tungsten plugs 
12, as shown in Rg. 2E. 

After the silicon substrate 1 on which the 
stacked layer pattern 15 was formed was set in an 
infrared image furnace, the furnace was evacuated 
to a pressure of 1.3 x 10"* Pa. A gas mixture of 
hydrogen and nitrogen gases (a volume ratio of Ha 
: n 2 = 10 : 90) was supplied in the furnace at a 
pressure of 1 atm. and a rate of 3,000 cm 3 /min. 
The furnace was heated to 650* C at a heating rate 
50"C/min, and the temperature was kept for 30 
minutes. Thereafter, the furnace was cooled at a 
cooling rate of 50*C/min. The grain size of the 
copper layer 14 was increased to 0.7 um by a heat 
treatment in a nitrogen atmosphere. Chromium of 
the chromium thin layer 13 was diffused to the 
peripheral surface of the copper layer 14 through 



crystal grain boundaries of the copper layer 14, 
and the diffused chromium was nitrided to form a 
chromium nitride (Cr 2 N or CrN) layer. At the same 
time, the chromium diffusing through grain bound- 

5 aries of the copper layer 14 was nitrided. As a 
result, as shown in Figs. 2F and 3, a wiring layer 
18 constituted by the copper layer 14 was formed 
on the remaining chromium thin layer 13. The 
peripheral surface of the layer 1 4 was covered with 

jo a chromium nitride layer 16 having a thickness of 
0.03 um, and the layer 14 contain chromium nitride 
17 at the grain boundaries, the grains having a 
diameter of 0.7 um. Thereafter, as shown in Rg. 
2G, a passivation film 19 made of plasma CVD- 

is SiO? having a thickness of 1.8 um was deposited 
on the resultant structure, thereby manufacturing a 
MOS semiconductor device. 

Since the surface of the wiring layer 18 of a 
semiconductor device manufactured by the above 

20 method was covered with the chromium nitride 
layer 16, the surface of the wiring layer 18 was 
prevented from oxidation in a step of depositing the 
passivation film 19, and the passivation film 19 
tightly contacted on the wiring layer 18. In addition, 

25 since the chromium thin layer 13 was left under the 
wiring layer 18, the wiring layer 18 tightly con- 
tacted on the BPSG film 10 serving as an insulat- 
ing interlayer. 

An acceleration test for supplying a current of 

30 1 x 10 7 A/cm 2 to the wiring layer 18 was per- 
formed to the manufactured semiconductor device 
at a temperature of 250 "C, and a disconnection 
time of the wiring layer 18 due to electromigration 
was measured. As a result, after about 100 hours 

35 from when the acceleration test was started, dis- 
connections were detected in 50% of the wiring 
layer 18. Therefore, it was confirmed that the semi- 
conductor device had excellent electromigration re- 
sistance. Note that, when the same acceleration 

40 test as described above was performed to a wiring 
layer made of pure copper and having the same 
size as in Example 1, after about 10 hours from 
when the acceleration test was started, disconnec- 
tions were detected in 50% of the wiring layer. As 

45 described above, the wiring layer 18 formed in 
Example 1 had an excellent electromigration resis- 
tance, because grain size of copper layer was 
increased to 0.7 um and chromium nitride was 
present at boundaries of crystal grains. 

50 When the total resistance of the remaining 
chromium thin layer 13 and the wiring layer 18 was 
measured, the resistance was 48 mQ/a. It was 
confirmed that the resistance could be reduced 
compared with the resistance (55 movo) of the 

55 stacked layer pattern 15 which was not heat-treat- 
ed. That is, when the resistance was converted into 
a specific resistance, the specific resistance could 
be reduced from 2.2 uQcm to 1.9 uQcm. 
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Example 2 

The heat treatment performed at temperatures 
of 450* C, 550" C, and 750* C in place of at a 
temperature of 650 'C in Example 1, and the total 
specific resistance of the chromium thin layer and 
the wiring layer was measured at the above tem- 
perature conditions. A result shown in Fig. 4 could 
be obtained. 

As shown in Fig. 4, it is known that a low 
specific resistance of the wiring layer can be ob- 
tained at a temperature sufficiently lower than a 
temperature for decreasing the number of elec- 
trically activated carrier of source and drain regions 
6 and 7 formed on a silicon substrate 1 in advance. 



Example 3 

Following the same procedures as in Example 
1, a gate oxide film, a gate electrode, an n*-type 
source region, a drain region, and a titanium siii- 
cide layer were formed on a p-type silicon sub- 
strate, and Si0 2 and BPSG films serving as an 
insulating interlayer are deposited. In addition, a 
contact hole was formed, and a tungsten plug was 
buried in the contact hole. A chromium layer hav- 
ing a thickness of 0.05 urn and a copper layer 
having a thickness of 0.4 urn were deposited on 
the BPSG film by sputtering, and a stacked layer 
constituted by the copper layer and the chromium 
thin layer was patterned to form a chromium-cop- 
per stacked layer pattern. 

After the silicon substrate on which the stacked 
layer pattern was formed was set in a resistive 
heating furnace for performing a plasma treatment 
the furnace was evacuated to a pressure of 1 .3 x 
10"* Pa. After a gas mixture of hydrogen and 
nitrogen (a volume ratio of H 2 : N 2 ■ 10 : 90) was 
supplied in the furnace at a pressure of 330 Pa and 
a flow rate of 500 cm 3 /min, the temperature of the 
furnace was increased to be 550* C at a heating 
rate of 50* C/min. At the same time, a 13.56-MHz 
high-frequency power of 800 W was applied to 
electrodes arranged on both sides of the silicon 
substrate in the heating furnace to generate a nitro- 
gen plasma by RF discharge, and the silicon sub- 
strate was held in a nitrogen plasma atmosphere at 
a temperature of 550* C for 45 minutes. Thereafter, 
the RF discharge was stopped, and the^ silicon 
substrate was cooled at a cooling rate of 50* C/min. 

With the above heat treatment, as in Example 
1, a wiring layer constituted by a copper layer was 
formed on the remaining chromium thin layer. The 
preferal surface of the copper layer was covered 
with a chromium nitride layer having a thickness of 
0.03 um, and the copper layer contained chromium 
and/or chromium nitride at the grain boundaries. 



the crystal grains having a diameter of 0.7 um. 
When the resistance of the wiring .layer (including 
the chromium thin layer) was measured, the resis- 
tance was 48 flm/a It was confirmed that the 

5 resistance could be largely reduced compared with 
the resistance (55 mO/a) of the stacked layer pat- 
tern which was not heat-treated. That is, when the 
resistance was converted into a specific resistance, 
the specific resistance was reduced to be 1.9 

w uQcm compared with the specific resistance of 2.2 
aQcm before the heat treatment. 



Example 4 

Following the same procedures as Example 1, 
a gate oxide film, a gate electrode, an n -type 
source region, a drain region, a titanium silicide 
layer were formed on a p-type silicon substrate. 
20 and Si0 2 and BPSG films serving as an insulating 
interlayer were deposited on the resultant structur . 
In addition, a contact hole was formed in the resul- 
tant structure, and a tungsten plug was buried in 
the contact hole. A chromium thin layer having a 
25 thickness of 0.05 um and a copper layer having a 
thickness of 0.4 um were diposited on the BPSQ 
film by sputtering, and a stacked layer constituted 
by the copper and the chromium thin layer was 
patterned to form a chromium-copper stacked layer 
30 pattern. 

After the silicon substrate on which the stacked 
layer pattern was formed was set in an infrared 
lamp heating furnace for performing a plasma treat- 
ment, the furnace was evacuated at a pressure of 
35 1.3 x 10"* Pa. After a gas mixture of hydrogen 
and argon (a volume ratio of H 2 : Ar = 10 : 90) 
was supplied in the furnace at a pressure of 1 atm. 
and a flow rate of 10 cm 3 /min, the temperature of 
the furnace was increased to 700 C at a heating 
40 rate of 100* C/sec by lamp heating, and this tem- 
perature was kept for 15 minutes. Thereafter, the 
temperature was decreased to 550* C at a cooling 
rate of 100* C/sec. At the same time, an average 
grain size was increased from 0.2 um to 1.5 um. 
45 The gas in the heating furnace was exhausted, 
and the pressure of the furnace was set to be 1.3 
x 10"* Pa. Thereafter, while a gas mixture of 
hydrogen and nitrogen (a volume ratio of H 2 : N 2 
= 10 : 90) was supplied in the furnace at a flow 
so rate of 500 cm 3 /min and at a pressure of 1 atm, a 
13.56-MHz high-frequency power of 800 W was 
applied to electrodes arranged on both sides of the 
silicon substrate to generate a nitrogen plasma by 
RF discharge, and the silicon substrate was held in 
55 a nitrogen plasma atmosphere at a temperature of 
550* C for 45 minutes. Thereafter, the RF dis- 
charge was stopped, and the silicon substrate was 
cooled at a cooling rate of 50* C/min. r 
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With the above two-step heat treatment, a wir- 
ing layer constituted by the copper layer was 
formed on the remaining chromium thin layer. The 
peripheral surface of the copper layer was covered 
with a chromium nitride layer having a thickness of 
0.03 urn, and the copper layer contained chromium 
and/or chromium nitride at the grain boundaries, 
the grains having a diameter of 1.5 tim. When the 
resistance of the wiring layer (including a remaining 
chromium thin layer) was measured, the resistance 
was 45 mO/o. It was confirmed that the resistance 
of the wiring layer could be largely reduced com- 
pared with the resistance (55 mfl/ci) of the stacked 
layer pattern which was not thermally treated. That 
is, when the resistance was converted into a spe- 
cific resistance, the specific resistance could be 
reduced from 2.2 uOcm to 1.8 uflcm. In addition, 
since an average grain size of copper of the wiring 
layer was increased to be 1 .5 urn, electromigration 
resistance was further improved to obtain the high- 
ly reliable wiring layer. 



Example 5 

Following the same procedures as Example 1, 
a gate oxide film, a gate electrode, an n -type 
source region, a drain region, a titanium silicide 
layer were formed on a p-type silicon substrate, 
and Si0 2 and BPSG films serving as an insulating 
interlayer were deposited on the resultant structure. 
In addition, a contact hole was formed in the resul- 
tant structure, and a tungsten plug was buried in 
the contact hole. The silicon substrate was set in a 
chamber of a magnetron sputtering apparatus, and 
the chamber was evacuated to have a pressure of 
2.0 x 10" 5 Pa. An argon gas was supplied to the 
chamber at a rate of 40 cm 3 /min. At this time, the 
chamber was kept at a pressure of 3.7 x 10~ 1 Pa. 
While the silicon substrate was rotated, a niobium 
(Nb) target was sputtered to the substrate to de- 
posit a niobium thin layer having a thickness of 
0.05 am on the BPSG film by an argon plasma. 
Subsequently, while the silicon substrate was con- 
tinuously rotated, a copper (Cu) target was sput- 
tered in the same condition as in Example 1 to 
deposit a copper layer having a thickness of 0.4 
urn on the niobium thin layer. The deposited cop- 
per layer consisted of grains having an average 
grain size of 0.2 urn. The resistance of the niobium 
and copper stacked layer was 55 mQ/a. Thereafter, 
the stacked layer constituted by the copper layer 
and the niobium thin layer was patterned to form a 
niobium-copper -stacked lay r pattern having a 
width of 0.7 urn. 

After the silicon substrate on which the stacked 
layer pattern was formed was set in an infrared 
image furnace, th furnace was evacuated to a 



pressure of 1.3 x 10~ 4 Pa. A gas mixture of 
hydrogen and nitrogen gases (a volume ratio of H2 
: N 2 = 10 : 90) was supplied in the furnace at a 
pressure of 1 atm. and a rate of 3.000 cm 3 /min. 

5 The furnace was heated to have a temperature of 
650* C at a heating rate of 50 # C/rnin, and the 
temperature was kept for 30 minutes. Thereafter, 
the furnace was cooled at a cooling rate of 
50*C/min. The grain size of the copper layer was 

jo increased to 0.7 urn by a heat treatment in a 
nitrogen atmosphere. Niobium of the niobium thin 
layer was diffused to the peripheral surface of the 
copper layer through crystal grain boundaries of 
the copper layer, and the diffused niobium was 

T5 nitrided to form a niobium nitride (ND2N or NbN) 
layer. At the same time, the niobium diffusing 
through grain boundaries of the copper layer was 
nitrided. As a result, a wiring layer constituted by 
the copper layer was formed on the remaining 

20 niobium thin layer. The peripheral surface of the 
copper layer was covered with a niobium nitride 
layer having a thickness of 0.03 urn. and the cop- 
per film contained niobium and/or niobium nitride at 
the grain boundaries, the grains having a diameter 

25 of 0.7 urn. Thereafter, as in Example 1, a pas- 
sivation film made of plasma CVD-S1O2 and having 
a thickness of 1 .8 urn was deposited on the resul- 
tant structure, thereby manufacturing a MOS semi- 
conductor device. 

30 Since the surface of the wiring layer of a semi- 
conductor device manufactured by the above 
method was covered with the niobium nitride lay r. 
the surface of the wiring layer was prevented from 
oxidation in a step of depositing the passivation 

35 film, and the passivation film tightly contacted with 
the wiring layer. In addition, since the niobium thin 
layer was left under the wiring layer, the wiring 
layer tightly contacted with the BPSG film serving 
as an insulating interlayer. 

40 The same acceleration test as in Example 1 
was performed to the wiring layer of the manufac- 
tured semiconductor device, and a disconnection 
time of the wiring layer due to electromigration was 
measured. As a result, after about 100 hours from 
45 when the acceleration test was started, disconnec- 
tions were detected in 50% of the wiring layer 18. 
Therefore, it was confirmed that the semiconductor 
device had an excellent electromigration resis- 
tance. 

50 When the total resistance of the remaining 
niobium thin layer and the wiring layer was mea- 
sured, the resistance was 48 mfl/a It was con- 
firmed that the resistance could be reduced com- 
pared with the resistance (55 mQ/a) of the stacked 

55 layer pattern 15 which was not heat-treated. That 
is, when the resistance was converted into a spe- 
cific resistance, the specific resistance could be 
reduced from 2.2 Quern to 1 .9 nucm. 
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Note that the above embodiment exemplifies 
the manufacture of a MOS semiconductor device. 
However, this embodiment can be applied to a 
bipolar semiconductor device. 

As described above, according to the present 
invention, there is provided a highly reliable high- 
speed semiconductor device including a wiring lay- 
er having a specific resistance lower than the spe- 
cific resistance (3 jiflcm) of an At-Si-Cu alloy and 
in which electromigration resistance is improved, 
oxidation resistance is excellent, and an adhesion 
strength with an insulating interlayer or a pas- 
sivation film is improved. According to the present 
invention, a heat treatment in a nitrogen atmo- 
sphere for forming the wiring layer can be per- 
formed at a temperature sufficiently lower than 
800 "C at which an impurity diffusion layer formed 
on a semiconductor substrate in advance may be 
diffused deeper again, thereby providing a method 
of easily manufacturing a highly reliable high-speed 
semiconductor device suitable for shallowing. 



Claims 

1 . A semiconductor device comprising: 

a semiconductor substrate (1) on which an element 
is formed; 

an insulating interlayer (9. 10) formed on the semi- 
conductor substrate (1 ); and 
a wiring layer (18) formed on the insulating inter- 
layer (10) and having a structure in which a surface 
of a copper layer (1 4) in a crystal state is covered 
with a nitride of a metal not forming an intermetallic 
compound with copper and the metal and/or the 
metal nitride is present at grain boundaries of the 
copper layer (14). 

2. The device according to claim 1. characterized 
in that the metal not forming the intermetallic com- 
pound with copper is at least any one metal se- 
lected from the group consisting of vanadium, 
niobium, tantalum, chromium, molybdenum, and 
tungsten. 

3. The device according to claim 1, characterized 
in that a wiring layer (18) falls within a range of 0.1 
to 0.9 urn. 

4. The device according to claim 1, characterized 
in that a thin layer (13) made of the metal not 
forming the intermetallic compound with copper is 
formed between the insulating interlayer (10) and 
the wiring layer (18). 

5. The device according to claim 4, characterized 
in that the thin layer (13) is made of at least any 
one metal selected from the group consisting of 
vanadium, niobium, tantalum, chromium, molybde- 
num, and tungsten. 

6. The device according to claim 1. characterized 
in that the thin layer (13) has a 30% thickness of 



the wiring layer (18). 

7. A method for manufacturing a semiconductor 
device, comprising the steps of: 
forming an element on a semiconductor substrate 
5 0); 

depositing an insulating interlayer (9, 10) on the 
semiconductor substrate (1); 
sequentially depositing a thin layer (13) made of a 
metal not forming an intermetallic compound with 

w copper and a copper layer (14) on the insulating 
interlayer (10) to form a stacked layer; 
patterning the stacked layer and 
forming a wiring layer (18) having a structure in 
which the patterned stacked layer is heat-treated in 

is a nitrogen atmosphere to diffuse a metal of the 
metal thin layer (13) to a peripheral surface of a 
copper layer (14) through the copper layer (14), the 
diffused metal is nitrided to cover a surface of the 
copper layer (14) in a crystal state with a nitride of 

20 a metal not forming an intermetallic compound with 
copper, and the metal and/or the metal nitride is 
present at grain boundaries of the copper film (14). 

8. The method according to claim 7, characterized 
in that the metal thin layer (13) is made of at least 

25 any one metal selected from a group consisting of 
vanadium, niobium, tantalum, chromium, molybde- 
num, and tungsten. 

9. The method according to claim 7, characterized 
in that after the metal is diffused in the copper 

30 layer (14) from the metal thin layer (13) in the heat 
treatment, the metal thin layer (13) is left under the 
wiring layer (18). 

10. The method according to claim 8, characterized 
in that the metal thin layer (13) is made of chro- 

35 mium, and the heat treatment is performed at a 
temperature of 600 to 800* C. 

11. The method according to claim 8. characterized 
in that the metal thin layer (13) is made of niobium, 
and the heat treatment is performed at a tempera- 
te tureof 600 to 800* C. 

12. The method according to claim 7, characterized 
in that the heat treatment in the nitrogen atmo- 
sphere is plasma nitriding. 

13. The method according to claim 7, characterized 
45 in that before the heat treatment in the nitrogen 

atmosphere is performed, a heat treatment is p r- 
formed in an inert gas. 
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@ According to this invention, there is provided to 
a semiconductor device comprising a semiconductor 
substrate (1) on which an element is formed, an 
insulating interlayer (9, 10) formed on the semicon- 
ductor substrate (11), and a wiring layer (18) having 



a structure in which a surface of a copper layer (14) 
in a crystal state is covered with a nitride of a metal 
not forming an intermetallic compound with copper 
and the metal and/or the metal nitride is present at 
grain boundaries of the copper layer (14). 
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